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Traumatic  brain  injury  (TB1)  has  been  a  major  cause  of  mortality  and  morbidity  in  the 
wars  in  Iraq  and  Afghanistan,  known  as  Operation  Iraqi  Freedom  (OIF)  and  Operation 
Enduring  Freedom  (OEF).  In  the  popular  press,  TBI  has  sometimes  been  referred  to  as 
the  signature  injury  of  the  Iraq  and  Afghanistan  wars,1  with  estimates  that  10%  to  20% 
of  returning  OIF/OEF  veterans  have  suffered  a  TBI.2-6  Most  attention  focused  initially 
on  moderate  to  severe  TBIs  recognized  in  theater,7  and  OIF  has  resulted  in  the  highest 
number  of  service-related  severe  TBIs  since  the  Vietnam  era.8 

However,  it  soon  became  apparent  that  many  OIF/OEF  veterans  were  presenting  to 
Veteran’s  Affairs  (VA)  hospitals  and  other  facilities  with  symptoms  suggestive  of  the 
residual  effects  of  mild  TBIs  that  were  never  recognized  before  discharge.  Mild  TBIs 
greatly  outnumber  moderate  to  severe  TBIs  in  this  population.2,3  Although  diverse 
mechanisms  have  resulted  in  injury,  because  of  the  prominent  use  of  improvised 
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explosive  devices  (lEDs)  in  both  theaters  of  operation,  blast  exposure  has  been  the 
most  common  cause  of  TBI.2-5  More  broadly,  according  to  Department  of  Defense 
(DoD)  statistics  of  February  6  2010,  of  the  more  than  41,000  US  military  casualties 
in  Iraq  and  Afghanistan,  more  than  26,000  were  caused  by  explosive  devices.9  There 
are  concerns  that  blast-related  TBIs  may  produce  both  long-term  health  effects  in 
veterans  as  well  as  affecting  the  in-theater  performance  of  active-duty  troops. 

This  review  discusses  some  of  the  current  controversies  related  to  mild  TBI,  in 
particular  the  distinction  between  mild  TBI  and  posttraumatic  stress  disorder 
(PTSD).  The  problem  of  distinguishing  between  the  2  disorders  is  not  new  and  has 
roots  dating  back  to  the  historical  entity  known  as  shell  shock.10  During  World  War  I 
(WWI),  while  British  troops  were  engaged  in  the  static  trench  warfare  that  was  charac¬ 
teristic  of  fighting  on  the  frontlines  in  Europe,  they  were  exposed  to  a  variety  of  blasts 
at  close  range,  including  artillery  barrages  and  mortar  attacks.  In  this  era  before  the 
advent  of  steel  helmets,  symptoms  developed  that  were  reminiscent  of  both  the  post¬ 
concussion  syndrome  and  what  would  now  be  called  PTSD.  A  variety  of  names  for  this 
entity  were  used  but  the  most  enduring  label  was  shell  shock.  The  disorder  became  so 
common  during  WWI  that  10%  of  British  battle  casualties  were  diagnosed  with  shell 
shock,  accounting  for  one-seventh  of  all  discharges  from  the  British  Army,  one-third 
of  cases  when  physical  wounds  were  excluded.  A  vigorous  debate  took  place  con¬ 
cerning  whether  shell  shock  represented  a  physical  injury  or  was  the  result  of  psychic 
trauma.  The  debate  ended  without  any  clear  resolution,  but  with  most  clinicians  prob¬ 
ably  favoring  a  psychological  explanation.  As  World  War  II  (WWII)  began,  hoping  to 
avoid  another  epidemic,  including  associated  pension  claims,  the  British  government 
went  so  far  as  to  ban  the  use  of  the  term  shell  shock.10  Despite  this,  soldiers  continued 
to  be  exposed  to  blasts  and  to  present  with  a  similar  range  of  symptoms.  The  contro¬ 
versy  regarding  physical  versus  psychological  injury  continued  without  any  clear 
resolution. 


MECHANISMS  OF  BLAST-RELATED  INJURY 

A  variety  of  explosives  including  mortar  shells,  rocket  propelled  grenades,  and  lEDs 
cause  blast  injuries.  In  Iraq  and  Afghanistan,  lEDs  have  been  the  most  common  cause 
of  blast  injuries  and  are  estimated  to  be  responsible  for  about  40%  of  coalition  deaths 
in  Iraq,  and  a  roughly  similar  percentage  of  TBIs.11  Although  diverse  in  design,  lEDs 
typically  consist  of  an  explosive  charge  coupled  to  a  detonator.12  The  explosive 
charge  may  be  a  conventional  artillery  shell  or  be  made  from  commercially  manufac¬ 
tured  or  homemade  explosives.  lEDs  often  incorporate  shrapnel-generating  materials 
including  nails,  ball  bearings,  scrap  metal,  or  other  particulate  material.  Devices  used 
to  trigger  lEDs  may  be  sophisticated  or  simple,  ranging  from  electronic  transmitters  to 
trip  wires,  tilt  switches,  motion  detectors,  or  thermal  or  pressure-sensitive  switches. 
lEDs  are  often  placed  along  transport  routes  and  triggered  to  detonate  beneath  vehi¬ 
cles.  Vehicle-borne  devices  may  contain  large  quantities  of  explosives  and  are  placed 
in  strategic  locations  or  driven  into  their  targets. 

During  a  detonation,  a  solid  or  liquid  explosive  is  converted  nearly  instantaneously 
into  a  gas,  creating  a  pulse  of  increased  air  pressure  lasting  only  milliseconds. 12-1 6  The 
gases  rapidly  expand  as  a  sphere  from  the  point  source,  forming  a  high-pressure 
wave,  known  as  the  blast  overpressure  wave  (Fig.  1).  The  overpressure  wave  travels 
faster  than  the  speed  of  sound  and  is  followed  closely  by  a  blast  wind  generated  by  the 
mass  displacement  of  air  caused  by  the  expanding  gases.  Following  the  overpressure 
wave,  pressure  decreases  creating  a  relative  vacuum  or  blast  underpressure  wave 
during  which  a  momentary  reversal  of  airflow  or  reversed  blast  wind  occurs. 
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Fig.  1.  Components  of  the  blast  pressure  wave.  As  gases  expand  rapidly  a  high-pressure 
wave  traveling  at  supersonic  speeds  is  generated  (the  blast  overpressure  wave).  As  pressure 
decreases,  a  relative  vacuum  is  created  that  momentarily  leads  to  a  reversal  of  airflow.  A 
second  lower-intensity  positive-pressure  wave  follows  before  atmospheric  pressure  returns 
to  normal.  See  text  and  Refs.12-16  for  additional  discussion. 


The  underpressure  wave  is  followed  by  a  second  positive-pressure  wave  before  atmo¬ 
spheric  pressure  returns  to  normal. 

Blast  injuries  occur  through  multiple  mechanisms.12’13'15  Injuries  directly  related  to 
the  initial  blast  wave  are  referred  to  as  primary  blast  injuries.  In  addition  to  primary 
injuries,  the  blast  wind  that  follows  the  overpressure  wave  can  propel  objects  including 
shrapnel  contained  within  the  IED,  causing  secondary  injury.  The  blast  wave  may  also 
cause  the  individual  to  be  knocked  down  or  thrown  into  solid  objects,  resulting  in 
tertiary  injury.  A  group  of  miscellaneous  injuries,  including  burns  or  the  effects  of 
inhaling  noxious  gases  or  other  toxic  exposures,  may  also  result  and  are  termed 
quaternary  injuries.  A  type  of  injury  termed  a  quinary  pattern  has  been  suggested  to 
exist,  based  on  a  series  of  4  cases  in  Israel  in  which  hyperpyrexia  and  other  autonomic 
disturbances  in  association  with  a  hyperinflammatory  state  was  noted  following  expo¬ 
sure  to  a  bomb  blast.17 

Depending  on  the  type  and  amount  of  explosive,  the  velocity  of  the  blast  wave  in  air 
may  be  extremely  high.  When  the  blast  wave  impacts  the  human  body,  part  of  the 
wave  is  reflected  or  deflected  but  most  of  the  wave  is  absorbed  and  propagated 
through  the  body.16'18’19  The  result  is  generation  of  high-frequency  stress  waves 
and  lower-frequency  shear  waves.  Stress  and  shear  waves  are  believed  to  injure 
tissues  through  multiple  mechanisms  including  spallation,  implosion,  and  inertial 
effects.12’15'16,18  Spallation  results  when  a  pressure  wave  passes  from  a  medium  of 
greater  to  lesser  density,  resulting  in  displacement  and  fragmentation  of  the  dense 
medium  into  the  less  dense.  For  example,  an  explosive  detonated  under  water  forces 
the  denser  water  to  spall  into  the  less  dense  air,  causing  fragmentation  that  is 
observed  as  an  upward  splash.  Implosion  forces  result  when  gases  within  tissues 
are  suddenly  compressed  by  the  blast  overpressure.  Tissues  may  be  damaged  by 
collapsing  on  themselves  or,  as  the  positive-pressure  wave  passes,  gases  re-expand 
and  release  kinetic  energy  that  may  damage  tissue.  Inertial  or  shearing  forces  occur 
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when  tissues  of  different  densities  are  propelled  at  different  speeds  as  the  overpres¬ 
sure  wave  passes  through  organs  or  tissues.12'16'18  These  forces  are  similar  in  their 
pathophysiological  effects  to  the  acceleration/deceleration  forces  that  occur  in 
closed-impact  TBIs,  such  as  those  associated  with  motor  vehicle  accidents,  when 
tissues  of  different  densities  may  be  damaged  by  their  collision  with  one  another,  or 
the  cytoarchitecture  of  a  tissue  may  be  disrupted. 

Factors  that  affect  the  degree  of  primary  blast  injury  include  distance  from  the  deto¬ 
nation,  the  blast  wave’s  peak  overpressure,  its  duration,  and  other  characteristics  of 
the  overpressure  wave  form.15,16’18  The  orientation  of  the  body  to  the  blast  wave, 
as  well  as  environmental  factors,  may  also  influence  primary  blast  effects.  For 
example,  explosions  within  enclosed  structures  or  adjacent  to  walls  become  amplified 
by  shockwave  reflection  and  cause  greater  injury  than  if  exposure  occurs  in  an  open 
space.12 

Organs  regarded  as  most  vulnerable  to  blast  effects  are  those  having  air-fluid  inter¬ 
faces.12,13  The  tympanic  membrane  is  regarded  as  the  most  susceptible  structure  in 
the  body,  and  ruptured  tympanic  membranes  have  been  commonly  observed  in  rela¬ 
tion  to  blast  injuries  in  Iraq  and  Afghanistan. 13'20-22  The  lungs  and  abdominal  viscera 
are  also  highly  sensitive  to  primary  blast  injury,  with  pulmonary  injury  being  one  of  the 
most  common  life-threatening  injuries  in  those  close  to  detonation.1213 


THE  PRIMARY  BLAST  WAVE  AND  THE  BRAIN 

How  the  primary  blast  wave  affects  the  brain  is  at  present  incompletely  understood. 
Computer  simulations23"29  predict  various  potential  mechanisms  of  injury,  including 
induction  of  high  strain  effects  in  traditional  coup  and  contrecoup  regions29  and 
high  shear  stresses  in  white  matter  regions  that  could  be  associated  with  diffuse 
axonal  injury  (DAI).23  Some  models  also  predict  preferential  damage  to  the  brain¬ 
stem.29  Others  suggest  that,  as  the  blast  wave  passes  through  the  head  because  of 
the  mechanical  properties  of  the  skull,  there  is  significant  blast  pressure  magnification 
caused  by  reflection  of  the  blast  wave  off  the  skull,  with  the  highest  mechanical 
damage  predicted  in  focal  areas  on  the  opposite  side  of  the  head.24  Blast  waves 
have  also  been  predicted  to  generate  sufficient  force  to  produce  potentially  damaging 
skull  flexures.25 

Besides  direct  effects  of  the  primary  blast  wave  on  brain,  a  thoracic  mecha¬ 
nism  has  also  been  proposed  to  contribute  to  brain  injury.30,31  Specifically,  this 
theory  proposes  that  a  high-pressure  blast  wave  hitting  the  body  compresses 
the  abdomen  and  chest,  inducing  oscillating  high-pressure  waves  that  can  be 
transmitted  through  the  systemic  circulation  to  the  brain,  leading  to  preferential 
damage  to  cellular  elements  close  to  cerebral  vessels.  It  has  also  been  suggested 
that  blast  overpressure  may  cause  sudden  hyperinflation  of  the  lungs,  inducing 
a  vasovagal  response  that  could  lead  to  apnea,  bradycardia,  and  hypotension, 
causing  cerebral  hypoxemia.15 

Understanding  the  mechanisms  that  underlie  primary  blast  injury  has  practical  impli¬ 
cations  for  protection  of  troops  in  the  field.  In  particular,  the  thoracic  mechanism 
implies  that  even  blast-resistant  helmets  would  not  protect  against  brain  injury.  In 
addition,  although  current  body  armor  protects  the  trunk  from  projectile  injuries,  there 
are  suggestions  that  it  may  intensify  the  blast  wave  by  serving  as  an  improved  contact 
surface  for  shock  propagation31  or  serve  as  a  reflecting  surface  that  concentrates  the 
energy  of  the  blast  wave  by  causing  it  to  resonate  internally.15  If  the  thoracic  hypoth¬ 
esis  is  correct,  new  types  of  body  armor  would  need  to  be  designed  that  could  absorb 
or  deflect  blast  wave  energies  to  prevent  central  nervous  system  (CNS)  injury. 
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Other  mechanisms  of  CNS  injury  that  have  been  suggested  include  that  the  primary 
blast  wave  may  cause  formation  of  air  emboli  leading  to  cerebral  infarction.32  It  has 
been  also  suggested  that  the  blast  wave  may  be  focused  through  the  orbital  sockets 
and  nasal  sinuses,  causing  preferential  injury  to  the  orbitofrontal  cortex.33 


EXPERIMENTAL  STUDIES  IN  ANIMALS 

Animals  have  been  exposed  to  various  forms  of  blast  ranging  from  direct  exposure  to  live 
explosives  to  controlled  blast  waves  produced  by  compressed-air  generators.  In  most 
studies,  to  concentrate  the  blast  wave,  anesthetized  animals  have  been  placed  in  special 
holders  designed  to  limit  body  movement.  The  animals  are  secured  in  the  end  of  a  metal 
tube  termed  a  shock  tube  if  live  explosives  are  used  or  a  blast  tube  if  compressed  air  is 
used.  Effects  of  body  alignment  can  be  determined  by  altering  the  animal’s  orientation 
within  the  tube  and,  by  applying  appropriate  shielding,  it  is  possible  to  isolate  the  effects 
of  body  versus  head  exposure.  An  example  of  a  blast  tube  apparatus  is  shown  in  Fig.  2. 

Although  live  explosives  may  best  model  exposure  in  the  field,  this  approach  affords 
less  experimental  control  over  the  physical  characteristics  of  the  blast  wave  as  well  as 
difficulty  in  separating  primary  from  secondary  injury.  Pressure  generators  allow  blast 
overpressure  effects  to  be  studied  in  isolation,  offering  more  experimental  control. 
However,  a  limitation  of  both  shock  and  blast  tubes  is  that,  although  they  replicate 
the  ideal  blast  wave,  they  lack  the  capability  to  model  the  nonideal  blast  wave,  with 
its  multiple  shock  and  expansion  fronts,  that  occurs  in  real-life  settings.  Some  studies 
have  used  open-field  exposure  or  exposure  in  simulated  bunkers  or  other  types  of 
enclosures.  For  example,  Bauman  and  colleagues34  recently  described  a  swine  model 
of  blast  injury  in  which,  in  addition  to  exposure  in  a  blast  tube,  pigs  were  exposed  to  an 
explosive  charge  detonation  while  secured  in  a  simulated  Humvee  or  in  a  4-sided 
building. 

Several  studies  have  looked  at  the  effect  of  blast  exposure  on  the  CNS  (Table  1). 
Most  have  used  rats  but  some  have  studied  rabbits,35  pigs,34'36,37  or  nonhuman 
primates.38  One  study  examined  the  effects  of  blast  injury  to  the  brain  in  whales  at 
sea.39  The  choice  of  species  has  both  practical  and  theoretical  implications.  Practi¬ 
cally,  rodents  are  less  expensive  to  study  than  larger  animals.  However,  rodents  suffer 
the  disadvantage  of  having  smooth  brains  lacking  the  gyri,  sulci,  and  proportion  of 
white  matter  found  in  human  brain,  anatomical  factors  that  may  affect  the  mechanical 
properties  of  the  brain’s  reaction  to  blast  exposure.  Species  such  as  pigs  and 
nonhuman  primates  offer  the  advantage  of  having  a  brain  more  similar  to  humans, 
but  a  significant  disadvantage  lies  in  their  cost  and  availability. 

Studies  in  rats  and  pigs  have  established  that  the  primary  blast  wave  is  transmitted 
through  the  skull  to  the  brain.34  40  In  pigs,  a  transient  flattening  of  the  electroenceph¬ 
alogram  (EEG)  with  apnea  has  been  observed  immediately  after  blast  exposure36; 
effects  that  might,  in  part,  be  explained  by  the  vasovagal  mechanism  alluded  to  earlier. 
However,  disruption  of  the  EEG  in  pigs  has  been  seen  when  the  head,  but  not  the 
body,  was  exposed  to  blast  injury,34  arguing  that  a  cerebral  mechanism  may  be 
involved.  Prominent  vasospasm  has  also  been  shown  angiographically  immediately 
following  blast  injury  in  pigs.34 

Pathologically,  high-level  blast  exposure  seems  particularly  prone  to  inducing 
hemorrhagic  lesions  including  intraparenchymal,  subdural,  and  subarachnoid 
bleeding.  Blast  injury  also  induces  a  variety  of  histological  effects  including  neuroaxo- 
nal,  glial,  microglial,  and  myelin  abnormalities,  sometimes  with  apoptotic  neurons  (see 
Table  1).  Increased  energy  consumption  and  evidence  of  oxidative  stress  have  been 
observed,  as  well  as  persistent  cognitive  and  motor  deficits. 
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Fig.  2.  (A,  B,  Q  An  experimental  shock  tube.  The  shock  tube  consists  of  a  horizontally 
mounted,  30-cm  diameter,  circular,  4.1-m  long,  steel  tube.  The  tube  is  divided  into  a  0.76-m 
compression  chamber  separated  from  a  5. 18-m  expansion  chamber  by  1  or  more  polyethylene 
Mylar  sheets  (Du  Pont  Co,  Wilmington,  DE,  USA)  depending  on  the  peak  pressure  desired.  The 
shock  tube  depicted  is  housed  in  the  Walter  Reed  Army  Institute  of  Research. 


Animal  studies  have  provided  mixed  support  for  the  thoracic  hypothesis,31  with  one 
study  finding  higher  intrathoracic  pressures  and  increased  mortality  when  sheep 
exposed  to  blast  were  fitted  with  a  cloth  ballistic  vest,41  whereas,  in  other  studies,42 
placement  of  a  soft  body  armor  comparable  to  a  Kevlar  vest  on  the  thorax  and  part 
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of  the  abdomen  reduced  mortality  and  ameliorated  the  widespread  fiber  degeneration 
that  was  prominent  in  brains  of  unprotected  rats  during  exposure  to  a  126-kPa  blast. 
The  importance  of  vagally  mediated  effects  has  been  supported  by  experiments  in 
rabbits35  and  rats43  that  found  that  animals  with  bilateral  vagotomies  had  less  brady¬ 
cardia,  hypotension,  and  apnea;  effects  that  could  contribute  to  cerebral  damage. 
Axonal  degeneration  in  the  optic  nerve  and  central  visual  pathways  has  also  been 
observed,44  an  effect  consistent  with  suggestions  that  blast  forces  may  be  focused 
by  the  orbital  sockets.33 

One  limitation  of  most  animal  studies  to  date  is  that  they  have  used  relatively 
powerful  blast  exposures  delivered  to  anesthetized  animals  at  levels  high  enough 
to  induce  significant  pulmonary  pathology.45"47  Only  a  few  studies  have  examined 
effects  of  lower-level  blasts  that  are  probably  more  comparable  with  the  mild  TBI 
exposures  that  are  the  most  common  exposure  in  the  current  war  zones.  Moochhala 
and  colleagues48  studied  the  effects  of  2.8-  to  20-kPa  exposures  in  rats.  Although 
blast-exposed  animals  showed  no  deficits  in  a  passive  avoidance-learning  task, 
the  20  kPa-exposed  animals  showed  impaired  motor  function,  and  histologically 
scattered  hyperchromatic  and  apoptotic  neurons  were  found  in  the  cerebral  cortex 
24  hours  after  exposure.  Saljo  and  colleagues49  also  found  that  exposure  of  rats 
to  10-  to  60-kPa  blasts  increased  intracranial  pressure  in  a  dose-dependent  manner 
and  cognitive  function,  as  judged  by  a  Morris  water  maze,  was  impaired  at  2  days 
after  exposure  to  10-  or  30-kPa  blasts.  Collectively,  these  studies  clearly  indicate 
that  the  primary  blast  wave  has  CNS  effects  and  that  these  effects  may  be  apparent 
even  at  modest  blast  pressures. 


BLAST-RELATED  TBI  IN  HUMANS 

Blast  injury  is  infrequent  in  civilian  life.  A  survey  of  57,392  trauma  cases  seen  in  a  large 
urban  trauma  center  found  only  89  cases  of  blast  injury  (0.2%), 50  with  private  dwelling 
explosions  and  industrial  accidents  being  the  most  common  causes.  The  best  under¬ 
stood  pathophysiological  mechanisms  associated  with  the  type  of  blunt  impact  TBI 
seen  most  commonly  in  civilian  settings  are  bleeding,  direct  tissue  damage,  and 
DAI.51  DAI  results  when  angular  forces  cause  shearing  or  stretching  of  axons  that 
can  lead  to  impaired  axonal  transport  that  is  pathologically  associated  with  focal 
axonal  swellings.  DAI  is  common  following  closed  head  injuries  and  most  commonly 
affects  tracts  at  gray/white  matter  junctions,  particularly  in  frontal  and  temporal 
regions.  Contusions  occur  as  the  result  of  coup/contrecoup  injuries,  most  affecting 
the  frontotemporal  regions  and  occipital  lobes. 

It  is  unclear  whether  blast-related  brain  injury  is  similar  to  the  blunt  impact  injury 
seen  in  civilian  life  or  whether  blast  injury  may  produce  pathophysiologically  distinct 
changes.  Few  human  cases  of  blast  exposure  have  come  to  autopsy  and  all  of 
them  sustained  such  severe  injuries  that  they  died  within  a  few  days  of  injury.52  The 
most  prominent  features  in  2  cases  from  WWI  studied  by  Mott53  were  multiple  punc¬ 
tate  hemorrhages  in  subcortical  gray  and  white  matter  regions.  Cohen  and  Biskind54 
identified  9  cases  from  WWII  in  the  archives  of  the  Armed  Forces  Institute  of 
Pathology,  all  whom  died  within  5  days  of  injury.  These  cases  also  exhibited  a  promi¬ 
nent  hemorrhagic  component  with  diffuse  leptomeningeal  bleeding,  intracerebral 
clots,  and  multifocal  hemorrhages  in  white  matter. 

Close  exposure  to  a  high-pressure  blast  wave  can  clearly  cause  moderate  to  severe 
TBI,  likely  activating  many  of  the  same  pathophysiological  cascades  seen  in  closed 
impact  injury.  However,  these  injuries  are  a  mix  of  secondary  and  tertiary  injuries, 
making  the  contribution  of  primary  blast  difficult  to  ascertain.  Belanger  and 
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Pentaerythrittetranitrate  plastic 
explosive  in  a  metal  tube  detonated 
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azide  explosion  applied  directly 
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walking  and  impaired  spatial  learning  in 

Morris  water  maze;  less  fiber  degeneration  in 
126  kPa-exposed  animalswearing  a  Kevlar 
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Abbreviations:  EEG,  electroencephalogram;  GFAP,  glial  fibrillary  acidic  protein;  RDX,  hexogene;  TNT,  trinitrotoluene;  TUNEL,  terminal  deoxynucleotidyl  trans¬ 
ferase-mediated  dUTP  nick-end  labeling. 

a  For  consistency,  data  have  been  converted  to  kPa  where  original  blast  pressures  were  given  in  pounds  per  square  inch  (psi). 
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colleagues55  compared  neuropsychological  test  results  in  a  group  of  primarily  OIF/ 
OEF  veterans  who  sustained  TBIs  as  a  result  of  blast  versus  those  who  sustained 
TBIs  from  blunt  force  trauma  and  found  no  major  differences  in  patterns  between  blast 
and  non-blast-injured  subjects,  thus  providing  no  support  at  the  neuropsychological 
level  that  blast  is  different.  However,  distinct  pathophysiological  mechanisms  might 
produce  similar  functional  consequences.  It  is  also  unclear  whether  long-term  effects 
may  be  caused  by  a  primary  blast  wave  sufficient  only  to  produce  mild  TBI  and 
whether  multiple  exposures  to  this  type  of  blast,  which  is  common  among  troops  in 
Iraq,2  can  lead  to  significant  long-term  effects.  There  are  few  neuropathological 
data  on  mild  TBI  in  general,  and  none  related  to  blast-induced  mild  TBI. 


NEUROIMAGING  IN  MILD  TBI 

Use  of  in  vivo  measures  to  understand  the  mechanisms  of  brain  damage,  particularly 
mild  TBI,  as  a  result  of  acute  and  repeated  exposure  to  blast  is  in  its  infancy.  Conven¬ 
tional  structural  imaging  techniques  such  as  computed  tomography  (CT)  and 
magnetic  resonance  imaging  (MRI)  have  been  used  historically  in  both  civilian  and  mili¬ 
tary  patients  with  TBI,  and  are  capable  of  rapid  identification  of  contusions  or  hemor¬ 
rhages  in  the  dural  and  parenchymal  spaces  as  well  as  cerebral  edema.  However, 
these  techniques  often  result  in  negative  findings  in  nonblast,  civilian  mild  TBI  (data 
on  the  use  of  CT  and  MRI  in  military  patients  following  blast  exposure  is  limited  at 
this  juncture),  because  they  are  considered  to  be  less  sensitive  to  the  small  size  of 
mild  TBI  lesions  and  to  DAI,56,57  which  is  widely  hypothesized  to  be  a  principle  mech¬ 
anism  of  damage  in  mild  TBI.  Hence,  an  absence  of  visible  damage  on  structural  scans 
does  not  necessarily  mean  an  absence  of  abnormality,  as  the  lesions  associated  with 
mild  TBI  may  be  too  small,  thus  failing  to  achieve  the  current  threshold  of  detection  for 
these  techniques.58  59  In  addition,  conventional  MRI  is  sensitive  to  blood  from  torn 
vessels  but  is  not  sensitive  to  axonal  damage  itself,  thus  likely  underestimating  the 
presence  of  DAI,  especially  in  milder  cases  of  injury  in  which  hemorrhagic  lesions 
are  uncommon. 

Functional  imaging,  such  as  positron  emission  tomography  (PET),  is  also  used  in  the 
evaluation  of  TBI  but  is  not  typically  the  standard  of  practice  in  clinical  or  military 
settings  during  the  acute  stage  of  assessment  in  mild  TBI.  PET  studies  have  been 
used  extensively  in  research  studies  evaluating  brain  glucose  metabolic  activity  and 
cerebral  blood  flow  in  civilian  patients  with  TBI  and  have  contributed  considerably 
to  understanding  of  abnormalities  in  subtle  brain  injury.  Recent  studies  suggest  that 
PET  imaging  may  be  more  sensitive  to  mild  trauma  than  is  conventional  structural 
imaging  such  as  CT  or  MRI.60,61  For  example,  PET  imaging  has  often  shown  abnor¬ 
malities  in  mild  TBI  that  show  some  correlation  with  prognosis,  Glasgow  Coma  Scale 
(GCS),  and  neuropsychological  deficits  in  the  absence  of  findings  on  structural 
imaging.  In  what  may  be  an  important  direction  in  the  understanding  of  chronic  symp¬ 
toms  of  mild  TBI  in  the  absence  of  findings  on  CT  or  MRI,  and  thus  for  clinical  practice, 
recent  review  articles60,61  have  generally  concluded  that  functional  brain  imaging  is 
more  sensitive  than  anatomical  imaging  in  the  period  of  months  and  even  years  after 
the  injury.62 

Diffusion  tensor  imaging  (DTI)  is  a  new  imaging  technique  that  provides  a  more 
direct  measure  of  the  integrity  of  white  matter  fibers  via  the  DTI  metrics  of  fractional 
anisotropy  (FA)  and  mean  diffusivity  (MD).  White  matter  tracts  normally  constrain 
the  isotropic  diffusion  of  water.  An  FA  value  approaching  1.0  reflects  maximal  aniso¬ 
tropic  diffusion,  and  values  approaching  zero  indicate  compromised  white  matter 
integrity.  The  MD  values  are  typically  increased  in  brain  trauma,  but  may  be 
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decreased,  depending  on  TBI  severity  or  the  time  frame  in  which  DTI  is  conducted 
after  injury  (eg,  see  Refs.63-66).  Because  DTI  is  considered  to  be  sensitive  to  subtle 
forms  of  damage  and  to  DAI,  it  holds  promise  as  a  sensitive  tool  in  identifying  impair¬ 
ment  in  blast-related  mild  TBI. 

An  increasing  number  of  DTI  studies,  conducted  primarily  in  civilian  mild  TBI,  have 
emerged.  Most,56’65’67-69  but  not  all,63’64,66  of  these  studies  indicate  reductions  in  FA 
at  sites  of  axonal  shearing  injury,  indicating  reduced  directionality  in  the  diffusion  of 
water  molecules.  The  discrepancies  found  in  some  of  these  studies  in  outcomes  (ie, 
decreased  or  increased  FA)  may  be  related  to  scanning  in  the  acute  versus  chronic 
phase  of  injury,  age  of  the  patient  population  (adolescent  vs  adults),  methodology 
used,  and  selection  of  regions  of  interest.  Newer  studies  exploring  the  relationship 
between  DTI  and  cognitive  outcomes  have  shown  significant  correlations  between 
DTI  findings  and  neuropsychological  function,  particularly  in  the  cognitive  domains 
of  learning,  memory,  and  processing  speed.68’76-73 

In  response  to  funding  opportunities  initiated  primarily  by  the  DoD  and  the  Veterans 
Affairs  Administration  to  address  the  effects  of  blast  in  military  personnel,  neuroimag¬ 
ing  in  OIF/OEF  veterans  with  mild  TBI  is  now  being  conducted  by  investigators  at 
several  VA  medical  centers  across  the  country.  Using  more  sensitive  imaging  methods 
to  show  brain  abnormalities  in  veterans  with  chronic  postconcussive  symptoms  years 
after  their  last  exposure  to  blast  will  undoubtedly  inform  the  debate  as  to  whether 
blast  mild  TBI  is  a  distinct  pathophysiological  entity.  Identifying  biomarkers  specific 
to  blast  would  improve  diagnostic  accuracy,  treatment  interventions,  and  overall 
patient  management. 

To  our  knowledge,  only  2  studies  have  been  published  with  findings  in  postdeployed 
veterans  and  service  members  with  both  mild  and  moderate  blast  TBI,74'75  1  using 
[iaF]fluoro-2-deoxyglucose  PET  (FDG  PET)75  and  the  other  DTI.74  Peskind  and 
colleagues75  compared  12  Iraq  war  veterans  with  a  mean  age  of  32  years  who  had 
at  least  1  blast  exposure  that  resulted  in  acute  mild  TBI  as  defined  by  the  American 
Congress  of  Rehabilitation  Medicine  criteria  and  had  persistent  postconcussive  symp¬ 
toms  with  a  group  of  civilian  controls  who  were,  on  average,  20  years  older  than  the 
veteran  group.  At  the  time  of  PET  scanning,  veterans  were  on  average  3.5  (±  1 .2)  years 
after  their  last  exposure  to  blast.  Compared  with  controls,  veterans  with  blast  expo¬ 
sure  mild  TBI  with  or  without  PTSD  showed  consistent  regional  hypometabolism  in 
infratentorial  (cerebellum,  vermis,  and  pons)  and  medial  temporal  regions.  Veterans 
also  exhibited  subtle  impairments  in  complex  information  processing,  some  reduc¬ 
tions  in  verbal  fluency,  processing  speed,  and  aspects  of  attention  and  working 
memory.  These  findings  are  the  first  to  show  with  FDG  PET  that  blast  exposure  result¬ 
ing  in  mild  TBI  may  have  a  neurobiological  substrate  that  is  measurable  and  that  the 
persistent  postconcussive  symptoms  with  which  so  many  OIF/OEF  veterans  present 
at  VA  hospitals  should  not  be  solely  attributed  to  psychiatric  disorders  until  the  contri¬ 
bution  of  structural  brain  injury  has  been  fully  evaluated  and  established. 

In  the  1  published  study  using  DTI,  Levin  and  colleagues74  examined  the  effects  of 
mild  to  moderate  blast-related  TBI  in  37  OIF/OEF  veterans  and  service  members 
(mean  age  31.5  ±  7.2  years)  who  were  on  average  871.5  (±  343.1)  days  after  injury 
compared  with  a  group  of  OIF/OEF  veterans  without  blast  exposure  (N  =  1 5)  who  sus¬ 
tained  injury  to  other  body  regions  or  had  no  injury.  Using  manual  measurement  of 
single-slice  regions  of  interest,  quantitative  tractography,  and  voxel-based  methods 
of  DTI  analysis,  this  group  found  no  between-group  differences  in  white  matter  integ¬ 
rity.  The  distributions  of  FA  and  the  apparent  diffusion  coefficient  were  similar  across 
neuroanatomic  regions  of  white  matter  known  to  be  vulnerable  to  axonal  injury.  The 
correlations  between  DTI  data  and  postconcussion  symptoms  were  weak.  Definitive 
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conclusions  regarding  blast  exposure  mild  TBI  cannot  be  determined  from  the  findings 
of  1  study.  The  Levin  and  colleagues74  study  may  be  especially  limited  by  the  sample 
size  of  the  comparison  group,  which  was  less  than  half  of  the  blast-exposed  group. 
Furthermore,  there  is  a  lack  of  information  regarding  specifics  of  the  comparison 
group  (ie,  type  of  extracranial  injuries  that  were  present  in  8  of  the  15  subjects). 

Systematic  and  comprehensive  studies  using  functional  imaging  methods  in 
veterans  and  service  members  with  blast  exposure  mild  TBI  with  acute  and  chronic 
postconcussive  symptoms  are  beginning  to  emerge.  These  comprehensive  studies 
are  timely  because  of  the  significant  number  of  veterans  returning  from  Iraq  and 
Afghanistan  with  chronic  and  disabling  sequelae  of  brain  injury.  Advanced  neuroimag¬ 
ing  techniques  hold  promise  for  the  detection  and  characterization  in  vivo  of 
subthreshold,  but  clinically  significant,  abnormalities  in  blast  mild  TBI. 


DISTINGUISHING  BLAST-RELATED  MILD  TBI  FROM  PTSD 

One  of  the  striking  features  of  the  mild  TBI  cases  being  seen  in  the  current  OIF/OEF 
veterans  is  the  high  prevalence  of  PTSD.  PTSD  or  depression  is  present  in  more 
than  one-third  of  OIF/OEF  veterans  with  suspected  postconcussion  syndromes 
secondary  to  mild  TBI.2  This  coincidence  could  reflect  dual  exposure  to  blast  as 
well  as  stressors  that  can  independently  cause  PTSD.  However,  the  clinical  distinction 
between  a  postconcussion  syndrome  and  PTSD  is  often  difficult,  with  the  2  disorders 
having  many  overlapping  symptoms.  In  both  disorders,  complaints  of  fatigue,  irrita¬ 
bility,  and  poor  sleep  are  frequent.  Impaired  concentration,  attention,  and  memory 
are  also  common  symptoms  and  neuropsychological  test  profiles  may  look  similar 
with  deficits  in  attention,  working  memory,  executive  functioning,  and  episodic 
memory  prominent  in  both  disorders.78  In  practice,  when  a  documented  episode  of 
TBI  is  present,  the  clinical  distinction  between  the  2  disorders  is  usually  based  on 
the  predominant  symptoms,  a  postconcussion  syndrome  being  suspected  when 
patients  have  more  organic  symptoms  such  as  headache,  dizziness,  visual 
complaints,  hearing  loss,  balance  problems,  and  cognitive  disturbance,  whereas 
PTSD  is  more  likely  to  be  diagnosed  when  the  predominant  symptoms  include  night¬ 
mares,  hyperarousal,  avoidance,  and  re-experiencing  phenomena.  The  more  severe 
cognitive  impairments  and  associated  neurological  deficits  make  cases  of  moderate 
to  severe  TBI  easy  to  recognize.  What  is  more  difficult  is  separating  the  postconcus¬ 
sion  syndrome  of  mild  TBI  from  PTSD,  and  sometimes  even  deciding  whether  a  TBI 
has  occurred  may  be  difficult  in  cases  of  mild  TBI  in  which  distinguishing  transient 
neurological  dysfunction  from  a  psychologically  based  stress  reaction  is  not  always 
easy. 

An  increasing  number  of  reports  are  beginning  to  address  the  issue  of  overlap.  The 
first  such  study  was  that  of  Hoge  and  colleagues2  who  surveyed  more  than  2700  US 
Army  infantry  soldiers  from  2  brigades,  3  to  4  months  after  returning  from  a  1-year 
deployment  in  Iraq.  Questionnaires  were  used  to  elicit  information  regarding  the 
occurrence  of  a  TBI  and  other  injuries  during  deployment  as  well  as  current  general 
health  status  and  the  presence  of  symptoms  suggestive  of  a  postconcussion 
syndrome,  PTSD,  or  depression.  The  most  frequent  TBI  exposure  was  blast  and, 
among  the  sample,  5%  reported  a  TBI  with  loss  of  consciousness  (LOC)  that  was 
most  typically  on  the  order  of  a  few  seconds  to  3  minutes.  Ten  percent  reported 
a  TBI  without  LOC  (ie,  reported  being  dazed/confused),  giving  a  total  of  1 5%  reporting 
a  TBI.  All  but  4  of  the  384  TBIs  reported  were  mild  TBIs.  In  soldiers  who  reported  a  mild 
TBI,  complaints  of  headache  and  poor  memory  and  concentration  were  frequent,  sug¬ 
gesting  that  a  persistent  postconcussion  syndrome  was  present.  Of  those  reporting 
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TBI  with  LOC,  44%  met  criteria  for  PTSD,  whereas  PTSD  was  present  in  27%  of  those 
reporting  altered  mental  status  without  LOC.  In  addition,  major  depression  was 
present  in  23%  and  8%  respectively.  This  high  coincidence  of  PTSD  and  depression 
led  the  investigators  to  perform  a  covariate  analysis  for  the  2  disorders  and,  after 
adjusting  for  the  coexistence  of  PTSD  and  depression,  a  mild  TBI  history  was  no 
longer  significantly  associated  with  adverse  physical  health  outcomes  or  symptoms, 
except  for  headache. 

In  a  subsequent  study,  this  same  group  determined  whether  a  blast  mechanism 
identifies  individuals  at  higher  risk  of  persistent  postconcussive  symptoms  following 
TBI.5  Anonymous  surveys  were  administered  to  3952  US  Army  infantry  soldiers  3  to 
6  months  after  returning  from  a  year-long  deployment  to  Iraq;  14.9%  of  the  total 
sample  met  criteria  for  having  suffered  a  concussion  with  most  (72.2%)  reporting 
a  blast  mechanism  of  injury.  Of  those  who  suffered  a  concussion,  34.2%  reported 
LOC  and  63.5%  only  an  alteration  of  consciousness.  Among  those  with  LOC,  a  blast 
mechanism  was  associated  with  headaches  and  tinnitus.  However,  among  soldiers 
reporting  only  transient  alterations  of  consciousness  without  LOC,  blast  was  not  asso¬ 
ciated  with  adverse  health  outcomes,  arguing  that  a  history  of  blast  exposure  was 
associated  with  persistent  postconcussive  symptoms  only  in  those  whose  TBI 
involved  LOC  and  not  most  mild  TBI  cases  as  currently  defined. 

In  a  large  randomly  selected  cohort  of  more  than  5800  UK  military  personnel 
deployed  to  Iraq,  Fear  and  colleagues77  also  found  that  postconcussive  symptoms 
were  associated  with  exposure  to  blast  during  deployment.  However,  similar  symp¬ 
toms  were  as  likely  to  occur  with  other  in-theater  experiences  not  associated  with 
blast  exposure,  such  as  aiding  the  wounded  or  potential  exposure  to  depleted 
uranium.  They  concluded  that  postconcussive  symptoms  are  common  in  returning 
troops  and,  although  some  may  be  related  to  blast  exposure,  the  association  is  not 
specific. 

One  interpretation  of  these  findings  is  that  the  current  screening  procedures  and 
definitions  of  mild  TBI  are  flawed78  and  that  much  of  what  is  presently  being  called 
blast-related  mild  TBI  is  really  PTSD.  Similar  suggestions  have  been  made  concerning 
the  postconcussion  syndrome  following  closed  head  injuries  in  civilian  cases,  with  one 
prospective  study  reporting  that  postconcussive  symptoms  are  as  common  following 
trauma  without  TBI  as  with  mild  TBI.79  Clearly,  many  of  the  symptoms  of  postconcus¬ 
sion  syndrome  overlap  with  PTSD  and  are  not  specific  to  either  disorder. 

However,  other  studies  have  suggested  that  the  link  may  be  more  than  coincidental. 
Mora  and  colleagues80  reviewed  the  records  of  333  patients  admitted  consecutively  to 
the  United  States  Army  Institute  of  Surgical  Research  burn  center  for  explosion- 
related  injuries  between  March  2003  and  March  2006  and  examined  the  prevalence 
of  PTSD  in  patients  with  burns  with  and  without  primary  blast  injury  or  mild  TBI  as 
defined  by  LOC.  They  found  a  greater  prevalence  of  PTSD  in  patients  with  burns 
with  primary  blast  injury  and  mild  TBI  than  in  patients  with  burns  injured  by  other 
mechanisms.  Walilko  and  colleagues,81  in  a  study  of  124  survivors  of  the  Oklahoma 
City  bombing,  explored  the  relationships  between  PTSD  and  physical  injuries.  They 
found  a  significant  association  between  PTSD  and  head/brain  injuries,  whereas 
PTSD  was  not  highly  correlated  with  other  injuries.  Collectively,  these  studies  could 
be  seen  as  arguing  that  TBI  may  predispose  to  the  development  of  PTSD. 

TBI  and  PTSD  can  be  considered  as  different  ends  of  a  spectrum,  with  TBI  being  the 
classic  example  of  an  organic  brain  disease  and  PTSD  a  psychologically  based  reac¬ 
tion  to  a  stressor  that  was  not  associated  with  physical  injury.  Indeed,  it  has  been  sug¬ 
gested  that  the  posttraumatic  amnesia  associated  with  TBI  may  protect  against  PTSD, 
based  on  the  notion  that  amnesia  for  the  event  precludes  formation  of  the  core 
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affective  responses  associated  with  the  development  of  PTSD.82  There  are  likely  miti¬ 
gating  factors  that  allow  the  development  of  PTSD  even  in  the  context  of  amnesia  for 
the  event,  including  that,  in  the  context  of  mild  TBI,  amnesia  may  be  only  partial,  allow¬ 
ing  for  some  aspects  of  the  experience  to  be  encoded.83  In  addition,  secondary  sour¬ 
ces  such  as  family  or  friends  may  provide  enough  information  to  allow  the  victim  to 
reconstruct  the  incident,  and  experiences  in  the  posttrauma  period,  such  as  events 
witnessed  after  regaining  consciousness  or  subsequent  medical  procedures,  may 
be  psychologically  traumatic  in  and  of  themselves.  PTSD  has  been  documented  in 
moderate  and  severe  TBI.83  However,  one  prospective  study  found  that  PTSD  rates 
were  higher  in  subjects  who  remembered  the  TBI  incident  compared  with  those 
with  no  memory  for  the  event.84  Studies  on  whether  PTSD  rates  are  higher  in  mild 
compared  with  moderate  or  severe  TBI  have  given  more  mixed  results.83,85  Stress 
experiences  are  also  typically  not  limited  to  single,  isolated  events,  and  service 
personnel  in  a  war  zone  inevitably  have  exposure  to  PTSD  stressors  independent  of 
TBI  events,  making  coexistence  of  the  2  disorders  easy  to  imagine. 

A  second  possibility  to  explain  the  PTSD/TBI  interface  is  that  the  2  conditions  are 
not  coincidental  but  rather  that  TBI  may  increase  the  risk  of  developing  PTSD  following 
a  psychological  trauma.  Physical  injury  of  any  type,  even  if  not  involving  the  brain,  has 
been  reported  to  increase  the  risk  of  developing  PTSD.86  Studies  of  Vietnam  veterans 
have  also  suggested  that  TBI  is  associated  with  more  severe  PTSD87  and,  in  OEF/OIF 
veterans,  PTSD  is  more  prevalent  in  veterans  reporting  mild  TBI,  compared  both  with 
veterans  who  suffered  no  injury2,6  or  with  those  who  suffered  injuries  not  involving  the 
head.2  In  the  study  by  Hoge  and  colleagues,2  mild  TBI  was  associated  with  PTSD  even 
after  controlling  for  the  intensity  of  combat  experience. 

These  observations  thus  raise  the  question  of  whether  a  neural  insult  might  alter 
reactions  to  psychological  stressors  and  increase  the  likelihood  that  PTSD  will 
develop.  One  mechanism  whereby  TBI  might  predispose  to  PTSD  would  be  if  blast- 
related  injury  damaged  brain  structures  that  are  involved  in  the  development  of 
PTSD.33,76,88,89  Current  biological  models  of  PTSD  postulate  that  key  frontal  and 
limbic  structures,  including  the  prefrontal  cortex,  amygdala,  and  hippocampus,  are 
involved  in  the  development  of  PTSD.76,90,91  These  models  suggest  that  a  key  compo¬ 
nent  of  the  disorder  is  inadequate  frontal  inhibition  of  the  amygdala,  a  limbic  structure 
believed  to  be  central  to  the  fear  response  and  the  formation  of  fear  associations. 
Exaggerated  amygdala  responses  are  believed  to  heighten  responses  to  psycholog¬ 
ical  threats.  A  substantial  body  of  functional  neuroimaging  data  is  consistent  with  such 
models,  suggesting  that  there  is  heightened  amygdala  activity  with  decreased  hippo¬ 
campal  and  orbital  frontal  activity  in  PTSD,90,91  and,  in  a  study  of  penetrating  brain 
injuries  in  Vietnam  veterans,  damage  to  the  amygdala  was  associated  with  less 
PTSD  compared  with  other  lesion  locations.92  Damage  to  the  prefrontal  cortex  by 
TBI  could  therefore  predispose  individuals  to  abnormally  sustained  responses  to 
psychological  stressors.  Damage  to  regions  such  as  the  hippocampus  might  also 
impair  the  cognitive  reserve  needed  to  deal  with  psychological  stressors  afterward. 

At  present,  the  regional  specificity  of  blast-related  brain  injury  is  not  known.  What  is 
also  not  known  is  the  degree  to  which  subclinical  blast  exposure  (ie,  not  sufficient  to 
produce  a  transient  neurological  alteration  qualifying  as  a  TBI)  may  affect  the  brain. 
Multiple  subclinical  exposures  are  common  in  the  war  zones  in  Iraq  and  Afghanistan 
and  could  affect  the  brain  even  in  the  absence  of  a  diagnosable  TBI  event.  Largely 
because  of  research  in  the  sport’s  medicine  literature,  the  definition  of  concussion, 
which  used  to  require  LOC,  has  been  expanded  to  include  even  the  most  transient 
alterations  of  consciousness.  If  subclinical  blast  exposure  affects  the  brain,  this  defi¬ 
nition  would  need  to  be  expanded  even  further  to  capture  the  full  spectrum  of  blast 
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effects  on  brain,  and  would  suggest  that  the  TBI  model  may  be  misleading  with  regard 
to  blast  and  fail  to  capture  what  is  really  a  spectrum  of  blast-related  brain  injury. 

The  distinction  between  blast-related  brain  injury  and  PTSD  has  more  than 
academic  significance  because  it  affects  treatment  strategies  as  well  as  patient 
education.  The  pathophysiology  of  PTSD  is  most  commonly  conceptualized  as  an 
abnormally  sustained  stress  response.  Treatment  of  PTSD  is  focused  on  normalization 
of  stress  reactions  through  psychologically  based  as  well  as  pharmacologically  based 
treatments,  the  latter  often  involving  the  use  of  selective  serotonin  reuptake  inhibitors. 
By  contrast,  TBI  treatments  are  based  on  an  organic  model  that  presumes  that  struc¬ 
tural  brain  alterations  have  occurred  and  that  recovery  depends  on  neurological 
factors.  Treatments  focus  on  improving  attention  and  concentration  with  agents 
such  as  psychostimulants,  or  improving  compensatory  strategies  through  cognitive- 
behavioral  therapies.  Pharmacological  interventions  that  improve  one  condition  may 
worsen  the  other.93  For  example,  a-adrenergic  blockers  such  as  prazocin,  which 
are  given  to  improve  sleep  in  PTSD,  may  worsen  TBI-related  cognitive  complaints, 
and  agents  that  improve  cognitive  function,  such  as  methylphenidate,  may  exacerbate 
PTSD  symptoms.  It  is  also  possible  that  persistent  cognitive  deficits  associated  with 
TBI  may  complicate  cognitive-behavioral  approaches  to  PTSD  because  both  expo- 
sure-based  and  cognitive-behavioral  interventions  depend  on  some  measure  of 
cognitive  reserve,  making  it  plausible  that  cognitive  deficits  associated  with  TBI  may 
reduce  responsiveness  to  PTSD  therapies. 

The  diagnosis  of  TBI  may  also  be  viewed  as  carrying  the  implication  of  permanent 
brain  injury,  and  labels  can  unintentionally  affect  prognosis.  By  contrast,  although  the 
diagnosis  of  PTSD  may  be  regarded  as  more  benign  in  one  sense,  it  still  carries 
a  stigma  in  the  minds  of  some.  This  attitude  may  be  particularly  prevalent  in  the  culture 
of  the  military,  in  which  service  personnel  may  be  more  comfortable  and  receptive  of 
treatment  depending  on  the  diagnosis. 


DIAGNOSIS  AND  SCREENING  FOR  BLAST-RELATED  TBI 

The  diagnosis  of  moderate  to  severe  TBI  is  straightforward  even  in  theater  because 
the  traumatic  incident  is  generally  apparent  along  with  prolonged  alterations  of 
consciousness;  other  clinical  signs  and  symptoms,  and  often  neuroimaging  abnormal¬ 
ities,  are  discovered  later.  By  contrast,  accurate  identification  of  mild  TBI  can  be  chal¬ 
lenging  because  of  the  more  subtle  signs  of  injury,  the  paucity  of  objective  physical 
findings,  and  the  overlap  of  postconcussion  symptoms  with  those  of  other  disorders 
including  depression,  PTSD,  and  the  effects  of  chronic  pain.  In  theater,  it  can  even  be 
difficult  to  establish  whether  a  TBI  event  has  occurred  because  of  the  transient  nature 
of  the  neurological  dysfunction  and  the  difficulty  of  distinguishing  TBI  from  an  acute 
stress  reaction.  The  problem  is  compounded  by  the  diagnosis  frequently  not  being 
made  until  much  later  when  it  is  difficult  for  the  veteran  to  recall  the  events  surrounding 
a  blast  that  occurred  several  months  or  even  years  earlier.  It  is  often  difficult  to  recon¬ 
struct  the  time  course  of  the  veteran's  present  symptoms  in  relation  to  the  TBI  event, 
information  that  is  critical  to  establishing  the  existence  of  a  postconcussion  syndrome. 
Soldiers  in  these  wars  are  also  in  constant  exposure  to  blasts,  some  close  by  and 
some  at  a  distance,  and  the  effects  of  repeated  subclinical  exposure  to  blasts  (ie, 
less  than  the  threshold  of  producing  a  TBI  event)  are  unknown. 

It  is  important  to  obtain  as  many  details  about  specific  events  as  possible.  Good 
detective  work  is  often  necessary.  Obtaining  medical  records  or  talking  to  key 
people  familiar  with  the  event  can  be  challenging,  but  it  can  yield  useful  informa¬ 
tion.  As  in  civilian  head  trauma,  the  diagnosis  of  blast-related  mild  TBI  is  largely 
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based  on  establishing  an  accurate  history  of  the  specific  events  that  led  to  a  brain 
injury.  It  is  important  to  determine  whether  there  was  direct  trauma  to  the  brain  (ie, 
falls,  motor  vehicle  accidents,  bullets)  or  indirect  trauma  (ie,  close  exposure  to 
blasts).  It  is  clearly  important  to  establish  the  presence  of  symptoms  such  as 
headaches,  dizziness,  impaired  balance,  memory  loss,  inability  to  focus,  difficulty 
making  decisions,  mental  fatigue,  irritability,  and  problems  with  sleep  soon  after 
the  event  and  their  persistence  to  the  present  day.  In  addition,  the  effects  of  these 
symptoms  on  current  functioning  and  interpersonal  relationships  should  be  ascer¬ 
tained:  For  example,  are  they  having  difficulties  at  work  keeping  up  with  job 
requirements  or  getting  along  with  supervisors  and  coworkers?  If  in  school,  are 
they  receiving  low  grades  in  course  work?  To  what  extent  have  the  often- reported 
behavioral  changes  (irritability,  low  frustration  tolerance,  anger  outbursts)  affected 
their  lives?  The  effect  of  these  symptoms  on  key  social  relationships  with  spouses, 
children,  and  friends  should  also  be  determined. 

The  physical  examination  is  often  limited  in  aiding  the  diagnosis  of  mild  TBI  in  blast- 
injured  veterans,  especially  if  they  are  far  removed  from  the  immediate  event.  Never¬ 
theless,  a  thorough  neurological  and  cognitive  examination  should  be  performed  that 
assesses  orientation,  concentration,  immediate  and  delayed  recall,  as  well  as  motor 
strength,  balance,  and  gait.  Assessment  for  tympanic  membrane  rupture  is  also 
important  because  this  has  been  described  as  a  marker  of  concussive  blast  injury  in 
soldiers. 13,20-22  Standard  neuroimaging,  such  as  CT  scan  and  MRI,  are  often  not  help¬ 
ful,  but  should  be  considered  on  a  case-by-case  basis.  Current  research  is  exploring 
the  usefulness  of  functional  imaging  as  an  adjuvant  to  the  diagnostic  process.  One 
new  technique  being  used  in  blast-related  mild  TBI  is  DTI,  which  holds  promise  as 
a  sensitive  tool  in  identifying  impairment  in  mild  injury  (as  discussed  earlier).  Although 
there  is  much  interest  in  establishing  biomarkers  for  TBI,94,95  none  currently  exist. 

To  deal  with  the  problem  of  missed  cases,  both  the  DoD  and  VA  have  implemented 
population-based  screening  procedures  for  mild  TBI.3,96,97  In  recognition  of  the  impor¬ 
tance  of  early  diagnosis,  the  DoD  in  2007  implemented  screening  processes 
throughout  the  course  of  combat  operations,  beginning  with  troops  in  the  field  who 
may  have  experienced  a  blast-related  TBI.  As  soon  as  practical,  soldiers  are  evaluated 
by  medics  using  a  structured  assessment  tool,  the  Military  Acute  Concussion  Evalu¬ 
ation  (MACE).98  The  MACE  consists  of  13  items  (8  history  and  5  examination).  In  the 
history  assessment,  the  clinician  records  details  of  the  incident.  Items  such  as 
a  description  of  the  event,  cause  of  the  injury  (ie,  explosion,  blast,  fall,  motor  vehicle 
accident,  gunshot  wound),  wearing  of  a  helmet,  amnesia  surrounding  the  event, 
LOC,  and  symptoms  are  recorded.  In  the  examination,  the  clinician  evaluates  5 
domains:  (1)  orientation;  (2)  immediate  memory;  (3)  neurological  screening  of  vision, 
speech,  and  motor  function;  (4)  concentration;  and  (5)  delayed  recall.  Total  maximum 
score  for  the  examination  is  30.  Scores  less  than  25  may  indicate  cognitive  impair¬ 
ment.96  The  usefulness  of  this  instrument  for  predicting  subsequent  functional  impair¬ 
ment  has  not  been  established,  but  it  holds  the  potential  for  providing  the  most 
objective  history  regarding  the  initial  injury. 

More  recently,  for  screening  in  the  field,  the  DoD  has  moved  away  from  what  has 
been  called  a  symptom-based  approach  to  an  incident-based  approach  to  facilitate 
early  detection.99  This  new  protocol,  which  was  being  implemented  in  spring  2010, 
makes  medical  evaluations  mandatory  for  those  involved  in  incidents  such  as  being 
close  to  explosions  or  blasts,  whereas,  in  the  past,  evaluations  were  performed  after 
such  incidents  only  if  soldiers  reported  symptoms.  As  part  of  this  initiative,  the  DoD  is 
also  focusing  on  educating  commanders  as  well  as  troops  in  the  field  on  the  symp¬ 
toms  of  TBI  and  the  importance  of  early  diagnosis  and  treatment. 
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Service  members  returning  from  OIF/OEF  undergo  a  range  of  mandatory  health 
assessments  as  part  of  their  Postdeployment  Health  Assessment,  which  includes 
assessment  for  self-reported  TBIs.  One  of  these  assessments,  the  Brief  Traumatic 
Brain  Injury  Screen  (BTBIS)  comprises  3  questions  designed  to  determine  whether  an 
injury  occurred,  whether  that  injury  was  associated  with  a  TBI,  and  whether  there  are 
current  symptoms  that  are  consistent  with  an  ongoing  postconcussion  syndrome.96 
The  BTBIS  is  used  to  identify  those  who  may  have  sustained  an  injury  that  was  not  iden¬ 
tified  acutely.  Since  May  2008,  baseline  neurocognitive  testing  before  deployment  has 
been  performed  using  the  Automated  Neuropsychological  Assessment  Metrics 
(ANAM)97.  The  ANAM  TBI  military  battery  is  completed  during  a  15-minute  computer¬ 
ized  assessment  and  includes  tests  of  code  substitution,  simple  reaction  time,  match¬ 
ing  to  sample,  reaction  time,  and  mathematical  processing.  The  ANAM  thus  provides 
a  baseline  against  which  cognitive  functioning  after  injury  can  be  compared. 

The  VA  has  mandated  TBI  screening  for  all  OIF/OEF  veterans  who  present  to  VA 
hospitals  for  any  reason,  using  a  4-question  screening  procedure,96  the  basis  of  which 
is,  like  the  BTBIS,  to  establish  whether  a  TBI  event  is  likely  to  have  occurred  and 
whether  the  veteran  is  currently  symptomatic.  Although  such  screens  lack  specificity 
and  are  subject  to  both  false-positive  and  false-negative  results,  they  are  suitable  for 
large-scale  postdeployment  screening.96The  VA  has  also  established  a  polytrauma/ 
TBI  system  of  care  nationwide  to  deal  with  identified  cases.100  A  positive  screen  trig¬ 
gers  referral  to  a  clinic  within  this  network  where  a  secondary  TBI  evaluation  is  per¬ 
formed.  If  a  TBI  is  confirmed,  the  veteran  is  referred  for  appropriate  clinical  services. 

Research  efforts  are  also  underway,  both  within  the  VA  and  DoD,  to  increase  under¬ 
standing  of  the  pathophysiology  and  natural  history  of  blast-related  TBI.97  Among 
these  efforts  are  the  establishment  of  a  DoD  TBI  registry  and  studies  to  validate  the 
MACE  as  well  as  other  screening  tools.  Active  efforts  are  also  underway  to  apply 
the  most  modern  neuroimaging  techniques  to  blast-related  TBI  and  to  use  advanced 
computer  modeling  methods  to  simulate  the  effects  of  blast. 

TREATMENT  PRINCIPLES  FOR  THE  VETERAN  WITH  A  BLAST-RELATED  MILD  TBI 

The  cornerstones  in  the  treatment  of  veterans  with  mild  TBI  are  education,  symptom 
management,  and  care  coordination.  Veterans  and  their  families  are  educated  on  the 
causes,  symptoms,  treatments,  and  prognosis  of  mild  TBI.  The  educational  interven¬ 
tions  take  into  account  the  veteran’s  cognitive  and  emotional  impairments  as  well  as 
their  cultural  and  religious  beliefs  and  preferred  method  of  learning.  Educational  mate¬ 
rials  must  be  written  at  an  appropriate  reading  level  and  in  a  language  that  the  veteran 
can  readily  understand.  The  information  provided  often  needs  to  be  repeated  at 
several  visits  and  by  different  providers,  therefore  consistency  in  the  content  and 
method  of  education  by  all  providers  is  important. 

In  educating  the  veteran  with  a  mild  TBI,  it  is  important  that  the  instruction  occurs  in 
a  quiet  environment  that  is  conducive  to  learning  and  that  an  adequate  amount  of  time 
is  allowed  for  the  visits.  Material  can  be  reinforced  through  alternate  means  such  as 
telephone  calls  whenever  necessary.  Family  education  is  critical  to  the  successful 
reintegration  of  the  veteran  back  to  the  community  and  home  life.  Families  are  encour¬ 
aged  to  participate  in  educational  activities  and  support  groups.  Some  examples  of 
general  educational  content  include  (1)  compensatory  strategies  for  impaired  memory 
and  concentration;  (2)  relaxation  techniques;  (3)  anger  management  techniques;  (4) 
diet  and  exercise;  (5)  strategies  for  successful  reintegration  in  work,  school,  and  social 
activities;  (6)  limiting  alcohol  and  caffeine  intake;  and  (7)  avoidance  of  high-risk 
behavior  that  could  increase  the  risk  of  additional  head  injuries. 
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The  symptoms  associated  with  mild  TBI  can  be  broadly  divided  into  3  groups:  phys¬ 
ical,  cognitive,  and  behavioral.  It  is  common  for  veterans  to  complain  of  concurrent 
symptoms  in  each  of  these  groups.  It  is  therefore  important  to  prioritize  and  treat  the 
symptoms  that  cause  the  veteran  the  most  distress  first.  Although  the  treatment  of 
specific  symptoms  associated  with  mild  TBI  is  beyond  the  scope  of  this  article,  some 
general  principles  are  briefly  discussed.  The  reader  is  directed  to  the  VA/DoD  Clinical 
Practice  Guideline  for  more  specific  treatment  recommendations  in  this  population.101 

Injured  brains  are  sensitive  to  the  side  effects  of  medications,  therefore  close  moni¬ 
toring  during  treatment  is  suggested  to  evaluate  for  potential  toxicities  and  drug-drug 
interactions.  Clinicians  should  avoid  medications  that  can  lower  the  seizure  threshold, 
cause  drowsiness  or  slow  thinking,  as  well  as  those  medications  associated  with 
increasing  risk  of  suicidal  ideation,  because  suicide  risk  is  higher  in  this  population. 

Some  commonly  used  interventions  in  the  symptom  management  of  veterans  with 
mild  TBI  include  (1)  physical  therapy  for  the  treatment  of  musculoskeletal  pain 
syndromes  and  balance  disorders;  (2)  voice  recorders,  global  positioning  systems 
(GPS)  and  personal  digital  assistants  as  aids  to  veterans  with  memory  impairments; 
(3)  cognitive  remediation  training;  (4)  sunglasses  for  veterans  whose  eyes  are  sensitive 
to  sunlight;  (5)  speech  pathology  referrals  for  teaching  of  communication  skills;  (6) 
mental  health  referrals  for  management  of  depression,  PTSD,  and  anxiety;  (7)  referrals 
to  substance  abuse  treatment  specialists  as  needed;  (8)  teaching  of  sleep  manage¬ 
ment  techniques  such  as  avoidance  of  alcohol,  avoidance  of  caffeine  products,  stim¬ 
ulants,  and  nicotine  before  a  sleep  period,  waking  up  at  regular  times,  avoidance  of 
naps  during  the  daytime,  and  stimulating  activities  immediately  before  sleep.  Vigilance 
for  conditions  such  as  sleep  apnea  is  recommended,  with  referrals  for  sleep  studies  or 
to  sleep  specialists  as  needed. 

Case  management  in  this  population  is  important  to  ensure  that  care  is  coordinated 
and  that  social  service  needs  are  adequately  addressed.  The  veteran  should  also  be 
educated  on  return  to  activities  such  as  work,  school,  and  leisure.  The  decision  on 
when  and  how  to  return  is  made  based  on  the  severity  of  the  cognitive,  physical, 
and  emotional  impairments  and  the  type  of  work  previously  engaged  in.  Safety  is 
a  primary  consideration  if  the  veteran  previously  engaged  in  high-risk  work.  Another 
consideration  is  the  ability  to  perform  specific  tasks  with  competence.  Successful 
reintegration  may  involve  a  period  of  work  restriction  or  accommodation  such  as 
provision  of  additional  time  to  complete  tasks  and  working  in  a  quiet  environment 
with  additional  supervision. 


CONCLUDING  REMARKS 

TBI  has  been  a  major  cause  of  mortality  and  morbidity  in  the  wars  in  Iraq  and 
Afghanistan.  In  both  theaters  of  operation,  blast  exposure  has  been  the  most  common 
cause  of  TBI.  Blast  injuries  occur  through  multiple  mechanisms  that  likely  activate 
many  of  the  same  pathophysiological  cascades  seen  in  closed  impact  injuries  in 
civilian  life.  What  is  less  clear  is  whether  the  primary  blast  wave  causes  brain  damage 
through  mechanisms  that  are  pathophysiologically  distinct  from  those  common  in 
civilian  TBI  and,  in  particular,  whether  multiple  exposures  to  low-level  blast  can  lead 
to  long-term  sequelae.  One  of  the  other  striking  features  of  the  mild  TBI  cases  being 
encountered  in  OIF/OEF  veterans  is  the  high  prevalence  of  PTSD.  At  present,  it  is 
unclear  whether  this  association  reflects  coincident  exposure  or  whether  the  relation¬ 
ship  is  more  complex  with,  for  example,  TBI  increasing  the  risk  of  developing  PTSD  by 
damaging  brain  structures  that  are  involved  in  mediating  PTSD.  Resolution  of  these 
issues  affects  treatment  strategies  as  well  as  strategies  for  protection  of  troops  in 
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the  field  and  is  an  area  of  high  priority  for  research  both  within  the  DoD  and  Depart¬ 
ment  of  Veteran’s  Affairs. 
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